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ABSTRACT
Type Ia supernovae are vital to our understanding of the Universe due to their use
in measuring cosmological distances and their significance in enriching the interstellar
medium with heavy elements. They are understood to be the thermonuclear explo-
sions of white dwarfs, but the exact mechanism(s) leading to these explosions remains
unclear. The two competing models are the single degenerate scenario, wherein a
white dwarf accretes material from a companion star and explodes when it reaches
the Chandrasekhar limit, and the double degenerate scenario, wherein the explosion
results from a merger of two white dwarfs. Here we report results which rule out hot,
luminous progenitors consistent with the single degenerate scenario for four young
Type Ia supernova remnants in the Large Magellanic Cloud. Using the integral field
spectrograph WiFeS, we have searched these remnants for relic nebulae ionized by the
progenitor, which would persist for up to ∼ 105 years after the explosion. We detected
no such nebula around any of the remnants. By comparing our upper limits with
photoionization simulations performed using Cloudy, we have placed stringent upper
limits on the luminosities of the progenitors of these supernova remnants. Our results
add to the growing evidence disfavouring the single degenerate scenario.
Key words: ISM: supernova remnants – supernovae: general – white dwarfs – X-rays:
binaries
1 INTRODUCTION
Type Ia supernovae (SNe Ia) are runaway thermonuclear ex-
plosions of carbon-oxygen white dwarfs (CO WDs) (see e.g.
Hillebrandt et al. 2013; Maoz et al. 2014, for reviews). SNe
Ia can be used for distance measurements on cosmic scales
due to a correlation between their peak luminosity, the rate
of decline after maximum light, and the colour at maximum.
This so-called Phillips relation (Phillips 1993; Phillips et al.
1999) has been used to show the acceleration of the Uni-
verse’s expansion (Riess et al. 1998; Perlmutter et al. 1999).
SNe Ia are also important to the chemical evolution of galax-
ies, since a typical SN Ia enriches the interstellar medium
(ISM) with ∼0.7 M of iron and a similar amount of other
elements (Matteucci & Greggio 1986; Wiersma et al. 2011).
Despite their significance to our understanding of the
Universe, the formation channel for SNe Ia is still uncertain.
The two leading models are the single degenerate (SD) sce-
nario, in which a single WD reaches the critical carbon igni-
tion density through accretion from either a main-sequence
or an evolved companion star (Whelan & Iben 1973); and the
double degenerate scenario, in which the explosion results
from the merger of a binary pair of WDs (Iben & Tutukov
1984).
In the double degenerate scenario, the progenitor sys-
tem is typically too faint to be detectable with current in-
struments prior to the explosion. In the single degenerate
scenario, however, progenitor systems should be detectable
both before and, most importantly, after the explosion. In
particular, if steady nuclear burning of hydrogen occurs on
the surface of a WD, as expected from the single degenerate
channel, then in the most efficient regime for mass accu-
mulation the accreting WD should reveal itself as a strong
super-soft X-ray source (SSS) (van den Heuvel et al. 1992;
Kahabka & van den Heuvel 1997).
The first of these SSSs were discovered in the Large
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Magellanic Cloud (LMC) using the Einstein Observatory
(HEAO-2, Long et al. 1981). SSSs are typically luminous
(Lbol & 1037−38 erg s−1) and characterized by effective tem-
peratures of Teff ∼ 106 K (Greiner 2000). Due to their high
temperatures and luminosities, SSSs emit significant fluxes
of UV and soft X-ray photons, which will strongly ionize
any surrounding interstellar gas. This in turn will create a
characteristic ionization nebula with a typical (“Stro¨mgren”)
radius of
RS =
(
3
4pi
Nph
n2ISMα
) 1
3
≈ 35pc
( Nph
1048 s−1
) 1
3
(
nISM
1 cm−3
)− 23
, (1)
where α is the recombination coefficient, Nph is the number
of ionizing photons per second, and nISM is the number den-
sity of the ISM (Rappaport et al. 1994; Woods & Gilfanov
2016). In addition to the direct emission from the central
SSS, significant ionization nebulae can be also produced by
the emission from the accretion disc when the accretion rate
is too low for the hydrogen fusion to be ignited (Woods et al.
2017).
To date, only one such emission-line nebula has been
detected, surrounding a SSS in the LMC known as CAL 83
(Remillard et al. 1995). These authors, in fact, conducted
also imaging observations of nine other known SSSs in the
LMC and SMC, but did not detect nebulae around them.
Later, Gruyters et al. (2012) observed a part of the nebula
around CAL 83 using the VLT/VIMOS and detected for the
first time also the He ii 4686A˚ emission line. The high ion-
ization potential of He ii (54.4 eV) requires a hot (& 105 K)
ionizing source, making the He ii emission an easily recogniz-
able signal of an accreting WD with steady nuclear burning
on its surface. Models for SSS nebulae indeed predict that
these nebulae should be bright in He ii 4686A˚ and [O iii]
5007A˚ , making them distinct from other astrophysical neb-
ulae (Rappaport et al. 1994; Woods & Gilfanov 2016). For
this reason, the He ii 4686A˚ emission line has been used
to constrain the suitability of SSSs as progenitors for SNe
Ia, either by examining pre-explosion archival observations
of the explosion site (Graur et al. 2014), or by comparing
the observed total He ii emission of galaxies to the expected
emission from population synthesis models (Woods & Gil-
fanov 2013; Johansson et al. 2014).
If a single degenerate SN Ia progenitor spends a signif-
icant amount of time as a SSS prior to the explosion, then
the ionized nebula should remain detectable after the WD is
destroyed in the explosion, until the majority of the ionized
gas has recombined. If the gas in the nebula is initially fully
ionized (i.e. ne ≈ nISM), the typical hydrogen recombination
time can be estimated as
τrec =
(
neαB(H0,T ≈ 104K)
)−1 ≈ 105 × ( nISM
1cm−3
)−1
years, (2)
where αB(H0,T) is the Case B recombination coefficient
(Woods & Gilfanov 2016; Woods et al. 2017). For helium
the corresponding time-scale is ≈ 7 × 104 years (see e.g. Pe-
quignot et al. 1991). Searching for these relic nebulae around
young supernova remnants and determining the ionization
state of the surrounding gas can thus be used effectively to
constrain the properties of the progenitor.
Previous efforts in determining the ionization state of
the gas around SNRs have focused on the forward shocks.
Many shock fronts around SNe Ia remnants are so-called
Balmer-dominated shock fronts, where the optical emission
is dominated by both broad and narrow Balmer line emis-
sion. This emission is understood to be the result of the
shock interacting with the surrounding neutral hydrogen,
and can thus be used in estimating the ionized fraction of
hydrogen (Ghavamian et al. 2000, 2001, 2003). This method
has recently been used to place stringent upper limits on
the luminosity of the progenitors for SNe Ia remnants in the
Galaxy and LMC (Woods et al. 2017, 2018). Any method
used to determine the ionization state of the gas is very sen-
sitive to the density of the gas, but the expanding shocks can
also be used to determine the density of the surrounding gas
(Badenes et al. 2007; Yamaguchi et al. 2014).
Here we report a different method for constraining the
nature of SNe Ia progenitors. We have searched directly
for the relic ionization nebulae around four known SNe Ia
remnants in the LMC (see Table 1 for list of sources). Us-
ing integral field spectroscopy, we searched for and did not
find any He ii 4686A˚ emission ahead of the forward shocks.
With comparison to numerical simulations performed with
the photoionization code Cloudy, we placed upper limits on
the luminosities as a function of the effective temperatures
of the progenitors that created the observed four LMC rem-
nants. Using these upper limits, we excluded the presence of
accreting nuclear burning WDs at the sites of the remnants
during the last ∼ 105 years before the explosions.
This paper is organized as follows: In Sec. 2 we describe
our observations and the data reduction procedure. In Sec. 3
we describe the methods used in this paper, specifically the
spectral extraction (Sec. 3.1) and the Cloudy simulations
(Sec. 3.2). In Sec. 4 we describe our results and then discuss
them and the possible implications in Sec. 5.
2 OBSERVATIONS
We have observed the four LMC SN Ia remnants SNR 0509-
67.5, SNR 0505-67.9, SNR 0509-68.7, and SNR 0519-69.0
with the Wide Field Spectrograph (WiFeS) mounted on the
Nasmyth A focus of the Australian National University 2.3 m
telescope at the Siding Spring Observatory (Dopita et al.
2007, 2010). SNR 0505-67.9, SNR 0509-68.7, and SNR 0519-
69.0 were observed on the nights of 2014 December 18–20
(P.I.: Seitenzahl; Proposal ID: 4140118) and SNR 0509-67.5
was observed on 2015 December 13 (P.I.: Seitenzahl; Pro-
posal ID: 4150145). Here we provide only a short summary
of the data reduction method, which is also described in
detail by Dopita et al. (2016) and Ghavamian et al. (2017).
The observations were performed in the ‘binned mode’,
which provided us a field of view of 25 × 35 spatial pixels (or
spaxels), each of them 1′′×1′′ in angular size. The instrument
is a double-beam spectrograph providing simultaneous and
independent channels for both the blue and red wavelength
ranges. We used the B3000 and R7000 gratings, providing
a spectral resolution of R = 3000 (∆v ≈ 100 km s−1) in the
blue wavelength range (3500–5700 A˚) and R = 7000 (∆v ≈
45 km s−1) in the red (5300–7000 A˚).
SNR 0509-67.5, SNR 0509-68.7, and SNR 0519-69.0
were observed in a mosaic of two overlapping fields, and SNR
0505-67.9 was observed with ten fields in order to cover the
whole remnant. Each field was observed in 2 × 1800s expo-
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sures, with 2 × 900s blank sky exposures, which were sub-
tracted from the two co-added frames for each field.
The data were reduced with the PYWIFES v0.7.3
pipeline (Childress et al. 2014a,b), which provided us a wave-
length calibrated, sensitivity corrected, and photometrically
calibrated data cube. The final mosaics were then combined
from the individually reduced cubes, with the respective
alignment of each field in the mosaic derived by comparing
the reconstructed continuum frames from the red cubes with
the Digitized Sky Survey 2 red band image of the area. The
final mosaic for SNR 0505-67.9 has dimensions of 94′′×96′′,
and for the three other sources the dimensions are 40′′×36′′,
which correspond to fields of 22.8 × 23.3 pc and 9.7 × 8.7 pc,
respectively, assuming a distance of 50 kpc to the LMC.
3 METHODS
3.1 Spectra of the remnants
In order to study the properties of the possible nebulae
around the observed supernova remnants with as high sen-
sitivity as possible, we extracted spectra from large areas
surrounding each remnant. Since the expected brightness
of an emission line decreases as a function of distance (see
Fig. 3), we used the area between the outer edge of the
forward shock (∼ 4 pc from the centre) and a distance of
about 5 pc from the approximate geometrical centre of each
source for SNR 0509-67.5, SNR 0509-68.7, and SNR 0519-
69.0; for SNR 0505-67.9 the corresponding values are 7–9
pc and 10 pc. We avoided any areas with residuals from
foreground star subtraction. As an illustrative example, see
Fig. 1, where we show the SNR 0519-69.0 remnant with the
spectral extraction area marked.
For each source, the spectra were averaged over the
specified area, corrected for the average redshift of 277.5
km s−1, which was measured from the Hβ and [O iii] 4959,
5007 A˚ emission lines (LMC peculiar velocity is 262.2 km
s−1; McConnachie 2012), and dereddened using the average
LMC extinction curves of Weingartner & Draine (2001) with
a carbon abundance bc = 2 × 10−5 and using the H column
densities for each source listed in table 1. An example spec-
trum is shown in Fig. 2.
No He ii 4686A˚ emission was detected in any source be-
fore the forward shock, as is evident in Fig. 2. We used this
lack of noticeable line emission to derive upper limits for the
He ii 4686A˚ flux by estimating the maximum level of emis-
sion which would be inseparable from the noise. In order to
determine the noise level, we calculated the standard devia-
tion of the observed flux within a wavelength window with
an approximate width of 200 A˚, positioned around 4686 A˚
so that no bright emission lines, namely Hβ, were inside the
window.
Then, because the nebular He ii emission is expected
to be narrower than the instrumental resolution and would
thus be spectrally unresolved (Gruyters et al. 2012), we as-
sumed a gaussian line with a fixed width corresponding to
the instrumental resolution of B3000 (∼ 100 km s−1), and
using a chi-squared test we calculated the minimum ampli-
tude of a line, which would be statistically separable from
the estimated noise level. The line was taken to be distinct
from the noise, when adding the line on the spectrum in-
creased the χ2 value by 9, corresponding to 3σ, or 99.7 %
confidence. The flux of such a gaussian line was then taken
to be the upper limit of the possible He ii 4686A˚ line flux
and compared against the simulations described in Sec. 3.2.
3.2 Simulations
We computed a grid of numerical photoionization models
with Cloudy1 (v17.01; Ferland et al. 2013). We assumed a
spherically symmetric and static configuration with the cen-
tral ionizing source emitting a blackbody spectrum, which
provides a reasonable approximation of the ionizing emis-
sion of nuclear-burning WDs, except far into the Wien tail
(Chen et al. 2015; Woods & Gilfanov 2016). The effective
temperature of the ionizing radiation was varied from 104 to
107 K and the bolometric luminosity from 1035 to 1038 erg
s−1 with logarithmically evenly spaced steps. In light of the
pre-shock densities of the remnants shown in Table 1, the
density of the ambient gas was kept fixed at either 0.5, 1, or
2.4 cm−3, while dust was neglected. The metallicity of the
gas was set to Z = 0.3 Z, where Z is the solar metallicity,
based on the average results of several studies on the metal-
licity of the ISM around many LMC SNRs, including for
example SNR 0505-67.9 and SNR 0519-69.0 (Hughes et al.
1998; Maggi et al. 2016; Schenck et al. 2016).
The calculations were performed in three different ways
with regard to the gas temperature: in the first case, the am-
bient gas temperature was calculated self-consistently and
the calculations were stopped when the gas temperature
dropped below 3000 K. While this is an idealized assump-
tion, this case offers a possibility to study as an example
an isolated situation, where the only source of energy is the
central ionizing source. In reality, there is a diffuse emission
field originating from stars and other sources in addition to
the central ionizing source. Depending on the strength of
the diffuse emission field, and properties of the gas, such
as density, the ISM has been historically classified roughly
into three different phases: a hot and very low density phase
(n ∼ 10−2.5 cm−3, T ∼ 106 K), a warm low density phase
(n ∼ 10−0.5 cm−3, T ∼ 104 K), and a cold dense phase
(n ∼ 101.5 cm−3, T ∼ 102 K) (McKee & Ostriker 1977). In the
hot phase the gas is already ionized and any possible SSS
would not then change the ionization state of the ISM. In
the cold phase the central SSS would be the main source of
energy and an ionization nebula would be clearly detectable.
This phase corresponds mostly to the self-consistent temper-
ature calculations. However, the estimated gas density limits
of the SNRs studied here point mostly to the warm phase.
Thus, to include the contribution from the diffuse emission
in our simulations, we ran the calculations with a fixed gas
temperature in addition to calculating it self-consistently.
Although the relatively low temperatures of the warm low
density phase are not expected to contribute significantly
to the ionization of He+ due to its high ionization potential
(54.4 eV), we ran the calculations with the temperature set
to either 5000 K or 10000 K in order to test the effect of the
gas temperature on the He ii 4686A˚ emission.
From the Cloudy simulations we get the volume emis-
sivity i(r) of a line i as a function of the distance r from
1 www.nublado.org
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Table 1. List of observed sources with relevant properties.
Source Size (pc) Age (yrs) n0 (cm
−3) NH (1021 cm−2) a References
SNR 0509-67.5 4 400 ± 120 0.4–0.6 1.64 ± 0.07 Rest et al. (2005); Kosenko et al. (2008)
SNR 0505-67.91 7–9 ∼ 4700 0.5–1.5 0.28 ± 0.001 Hughes et al. (1998); Ghavamian et al. (2003)
SNR 0509-68.72 4 685 ± 20 1–2.5 3.09 +0.20−0.11 van der Heyden et al. (2002); Williams et al. (2014)
SNR 0519-69.0 4 680 ± 200 2.4 ± 0.2 0.96 ± 0.04 Rest et al. (2005); Kosenko et al. (2010)
1 DEM L71
2 N103B
a Maggi et al. (2016)
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Figure 1. All supernova remnants in Hα with WiFeS. Top row from left to right: SNR 0509-67.5 and SNR 0505-67.9; bottom row from
left to right: SNR 0509-68.7 and SNR 0519-69.0. The spectral extraction areas are outlined with the black dashed lines.
the ionizing source. This can be used to find the surface
brightness of a line i:
SBi(r) =
∫
l
i(r)
4pi
dl, (3)
where we have integrated along the line of sight l through
the emission nebula. Examples of the He ii 4686A˚ surface
brightness as a function of radius for the central source tem-
peratures of 105−6 K and luminosities 1036−37 erg s−1 are
shown in Fig. 3.
From these surface brightness profiles, we calculated the
average surface brightness of the He ii 4686A˚ emission line
MNRAS 000, 1–9 (2018)
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Figure 2. An example spectrum of the interstellar gas ahead of
the forward shock around SNR 0519-69.0. On the y-axis is the
mean surface brightness in units 10−17 erg s−1 cm−2 arcsec−2 and
on the x-axis is the wavelength in units of A˚. The inset figure
shows the spectrum in more detail around the 4686 A˚ wavelength.
In blue are marked the brightest emission lines Hβ and [O iii] ,
and the red dashed lines indicate the 4686A˚ wavelength.
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Figure 3. Surface brightness (in units of erg s−1 cm−2 arcsec−2)
profiles for He ii 4686A˚ as a function of radius (in parsecs). Blue
and red lines have blackbody temperatures of 105 and 106 K, and
the solid and dashed lines have luminosities of 1036 and 1037 erg
s−1, respectively. The density of the gas was set to 1 cm−3 and
the gas temperature was calculated self-consistently.
in the data extraction range of 4–5 pc (or 7–10 pc for SNR
0505-67.9) for each point in the temperature–luminosity
grids. Then, comparing the upper limits acquired from the
WiFeS observations to the grids of simulated brightnesses,
we can constrain the luminosity as a function of the assumed
emission temperature of the central ionizing sources.
4 RESULTS
The 3σ upper limits for the surface brightness of the He ii
4686A˚ emission line acquired for each source with the
method explained in Sec. 3.1 are shown in Table 2. No no-
ticeable He ii emission was detected ahead of the forward
shock in any source and the derived upper limits are within
Table 2. 3σ upper limits on the He ii 4686A˚ surface brightness
for each source.
Source Surface brightness
(× 10−19 erg s−1 cm−2 arcsec−2)
SNR 0509-67.5 4.2
SNR 0505-67.9 4.7
SNR 0509-68.7 5.7
SNR 0519-69.0 5.3
a factor of two from each other. How well the progenitor
properties can be constrained, depends, however, on the size
of the remnant and the density of the surrounding gas. SNR
0505-67.9 is much older and thus much larger than the other
three SNRs. As shown in Fig. 3, the expected surface bright-
ness decreases with the distance from the ionizing source,
making it harder to constrain the progenitor luminosities of
older and larger SNRs.
To transform the surface brightness upper limits to lim-
its on the progenitor luminosities, we compared the results
to the Cloudy simulations, as explained in Sec. 3.2. The up-
per limits on the bolometric luminosity as a function of the
assumed emission colour temperature for each source are
shown in Fig. 4. In this figure, the parameter space above
each line is ruled out, and the area below is unconstrained.
Here the temperature is calculated self-consistently and the
gas density is set to 1 cm−3. The limits of the three young
and small remnants are all almost the same. SNR 0505-67.9
deviates from the others mostly because of its greater size;
the surface brightness around SNR 0505-67.9 is studied at a
distance of ≈ 8 pc, which together with the expected surface
brightness profiles of Fig. 3 results in lower constraints.
For comparison, in Fig. 4 are shown also the tempera-
tures and luminosities of the accreting nuclear-burning white
dwarf models of Wolf et al. (2013), with the white dwarf
mass ranging from 0.51 M to 1.4 M. All of these mod-
els lie well above the derived upper limits for all the SNRs
studied in this paper. In Fig. 4 are also shown the parameter
ranges for four well-known super-soft X-ray sources located
in the Magellanic clouds: 1. CAL 87 (LMC); 2. 1E 0035.4-
7230 (SMC); 3. RX J0513.9-6951 (LMC); and 4. CAL 83
(LMC) (Greiner 2000). All of these four SSSs lie in the ruled-
out regions of the three young sources, with the latter three
SSSs having similar temperatures and luminosities as the
nuclear-burning WD models. The upper limit of the largest
remnant, SNR 0505-67.9, overlaps with the parameter range
of CAL 87, but one should note that CAL 87 (number 1 in
Fig. 4), which has the lowest claimed luminosity of the four,
is viewed almost edge-on, meaning that its unobscured lu-
minosity is likely much higher (Ness et al. 2013).
In Fig. 4, the results for each source are shown with
the gas density of the simulations set to 1 cm−3, but as
mentioned before, the results are affected by the assumed
gas density of the simulations. To test this effect, we ran the
simulations also with the gas density set either to 0.5 or 2.4
cm−3, which correspond to the upper limits of the density
around SNR 0509-67.5 and SNR 0519-69.0 (see Table. 1),
respectively. The effect of the density on the results is shown
in Fig. 5. As is evident from this figure, the highest density
provides the least constraining limits, while the low and mid
MNRAS 000, 1–9 (2018)
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Figure 4. 3σ upper limits on the bolometric luminosity as a
function of the assumed emission colour temperature for the pro-
genitors of the four SNRs studied here. The blue, green, black,
and red lines show the upper limits for SNR 0509-67.5, SNR 0505-
67.9, SNR 0509-68.7, and SNR 0519-69.0, respectively. In all cases
in this figure, the ambient gas density is set at 1 cm−3, the tem-
perature is calculated self-consistently, and the calculations ter-
minated when the temperature dropped below 3000 K. For com-
parison, the black dotted lines show the accreting nuclear-burning
WD models of Wolf et al. (2013) with the mass increasing from
0.51 M on the left to 1.4 M on the right. For ease of read-
ing, only every second model is labelled. The black dash-dotted
boxes represent the parameter ranges of four well-known SSSs: 1.
CAL87; 2. 1E 0035.4-7230; 3. RX J0513.9-6951; and 4. CAL 83
(Greiner 2000).
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Figure 5. 3σ upper limits on the bolometric luminosity of the
progenitor of SNR 0519-69.0 with different densities. The densi-
ties 0.5, 1, and 2.4 cm−3 are shown in red dashed, blue solid, and
green dot–dashed lines, respectively. Also shown are the nuclear
burning WD models and SSSs, as in Fig. 4.
density limits differ only slightly from each other, with the
mid density limits being the most constraining.
In addition to the density, we tested how the assumed
temperature of the gas affects the results. This effect is
demonstrated in Fig. 6, where we show the upper limits with
the temperature either calculated self-consistently, fixed at
5000 K, or fixed at 10000 K. From this figure one can see
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Figure 6. 3σ upper limits on the bolometric luminosity for SNR
0519-69.0 with different electron temperatures. The temperatures
are either calculated self-consistently (red dashed line) or fixed at
5000 (blue solid) or 10000 K (green dot–dashed). The density is
set to 1 cm−3 in all cases. Also shown are the nuclear burning WD
models and SSSs, as in Fig. 4.
that the chosen simulation temperature affects the results
only very little. The reason for this is the high ionization
potential of He II (54.4 eV), which requires much higher en-
ergies than available in a typical warm interstellar medium.
The upper limits on the bolometric luminosity as a func-
tion of the assumed emission colour temperature for the pro-
genitor of SNR 0519-69.0 are also shown in Fig. 7. Based on
the analysis presented in this paper, the parameter space
above the blue line is ruled out. For comparison, the upper
limits for the same source derived by Woods et al. (2018) are
shown in the same figure with a black dashed line. For effec-
tive temperatures higher than ∼ 105 K, our analysis provides
significantly tighter constraints on the bolometric luminos-
ity than that of Woods et al. (2018), who derived the limits
using the Balmer-dominated forward shocks of the super-
nova remnant (see also e.g. Ghavamian et al. 2003; Woods
et al. 2017). On the other hand, for temperatures lower than
∼ 105 K, the work of Woods et al. (2018) provides lower up-
per limits on the luminosity than ours, because the incident
radiation field does not possess significant amount of pho-
tons with sufficient energies to ionize He+ ions, causing this
regime to be poorly constrained by our work, while Woods
et al. (2018) rely on the ionization of hydrogen, which re-
quires considerably lower photon energies. In Fig. 7 is also
shown for comparison the upper limits derived from pre-
explosion archival Chandra X-ray data for SN2011fe, which
has the lowest upper limits of the ten SNe Ia studied by
Nielsen et al. (2012). The upper limits for SN2011fe are
slightly lower than our results for SNR 0519-69.0 in high
temperatures (& 106 K), for the part that there exists data
for SN2011fe. In the high temperature regime our results
become less constraining, because increasing the photon en-
ergies leads to less efficient ionizing of the ambient gas, which
is due to the ionizing cross section of a hydrogen-like ion de-
creasing as a function of energy, approximately as σ ∝ E−3
(Hummer & Seaton 1963).
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Figure 7. 3σ upper limits on the bolometric luminosity as a
function of the emission colour temperature for the progenitor of
SNR 0519-69.0. In this figure, the ambient gas density is set at 1
cm−3, the temperature is calculated self-consistently and the cal-
culations terminated when the temperature dropped below 3000
K. The solid blue line shows the upper limits derived in this pa-
per, and for comparison the black dashed line shows the upper
limit for SNR 0519-69.0 derived by Woods et al. (2018) using the
Balmer-dominated shocks. The green dashed line shows the up-
per limit from pre-explosion archival X-ray data for SN 2011fe
(Nielsen et al. 2012). Also shown are the nuclear burning WD
models and SSSs, as in Fig. 4.
5 DISCUSSION
The super-soft X-ray sources have long been suggested as
possible progenitors for Type Ia supernovae. However, re-
cent studies have constrained their viability as a progenitor
channel both for large populations (Di Stefano 2010; Gil-
fanov & Bogda´n 2010; Woods & Gilfanov 2013; Johansson
et al. 2014; Woods & Gilfanov 2016) and individual super-
nova remnants (Nielsen et al. 2012; Woods et al. 2017, 2018;
Graur & Woods 2018). In this paper, we have presented a
novel method for constraining supernova progenitor prop-
erties, and using this method, we have strongly disfavoured
the super-soft progenitor channel for four Type Ia supernova
remnants in the Large Magellanic Cloud.
With this method we have focused only on the He ii
4686A˚ emission line, because its high ionization potential
makes it a very distinct signature of a conventional super-
soft source. However, there are also other emission lines,
e.g. Hβ and [O iii] 5007A˚, present in the spectra of the ISM
around the SNRs, as is evident from Fig. 2. These emission
lines, while expected to be bright in a SSS nebula (Rappa-
port et al. 1994), are present also in a typical warm ISM in
the LMC (e.g. Pellegrini et al. 2012) and thus with these lines
one encounters the problem of disentangling the ionization
caused by the possible progenitor from the contributions of
other sources, such as the diffuse background and the shock
emission (Smith et al. 1994; Ghavamian et al. 2000). For ex-
ample, in the case of the most luminous allowed (by the He ii
analysis) source with a temperature of 105 K, the predicted
Hβ emission line brightness is a factor of 5 lower and [O iii]
5007A˚ brightness is 10 times lower than observed around
SNR 0519-69.0.
Our results add to the growing body of evidence sup-
porting the double degenerate scenario as a progenitor chan-
nel for these remnants. For SNR 0519-69.0 Edwards et al.
(2012) ruled out all post-main-sequence stars as possible
surviving ex-companions and thus claim that among the
published single-degenerate models, only the super-soft X-
ray source model is a possibility for this remnant. In addi-
tion, SNR 0519-69.0 has a tilted axisymmetric morphology
and high oxygen abundance, which points to an oxygen-rich
merger (Kosenko et al. 2010, 2015). Taking these together
with our results, which rule out a SSS as a plausible progen-
itor, it seems clear that the only viable origin of SNR 0519-
69.0 was the merger of two white dwarfs. Similarly for SNR
0509-67.5 Schaefer & Pagnotta (2012) ruled out all possible
surviving companion stars in the centre of the remnant, and
thus ruled out all single degenerate scenarios as a progenitor
channel for this remnant, which is in good agreement with
our results.
Our results disfavour SSSs as possible progenitors, but
we made some simplifications along the way, which should
be considered in detail. Firstly, we assumed that the lumi-
nosity remained constant throughout stable accretion and
nuclear burning, although in reality these sources exhibit
complex variability. However, for variable sources, the pa-
rameter of interest is the time-averaged luminosity, which
determines the average ionization state of the gas, and thus
given a sufficiently long time-scale, the system can be well
approximated with a constant luminosity case (Chiang &
Rappaport 1996; Woods et al. 2017). The detailed structure
of ionization nebulae may change based on the behaviour
of the central source, for example in the case of nova out-
bursts. Such cases, and the time variability of the source and
nebulae, will be addressed in future studies.
Secondly, the calculations were carried out in steady-
state, i.e. assuming an equilibrium state between ionization
and recombination, where the central source continues to
supply the nebula with ionizing photons. This is obviously
not the case for SNRs, where the possible central ionizing
source has exploded and the emission has ceased. Neverthe-
less, this is a reasonable assumption in the case of young
SNRs, where the age (< 1000 yrs) is much smaller than
the typical recombination time-scale of the ISM (∼ 105 yrs).
This argument raises the question, however, of whether there
could be a long delay between the explosion and the ionizing
phase. This can be achieved with spin-up/spin-down models
(Justham 2011), where the accreting WD is spun up because
of the accreted angular momentum. Because of the high spin
rates, the mass of the WD can increase beyond the critical
mass, and only after accretion has ceased and the spin rate
of the WD has decreased can the WD explode as a super-
nova. If the spin-down time is longer than the recombination
time, this model can produce super-Chandrasekhar single-
degenerate explosions surrounded by neutral gas. In addi-
tion, by the time of the explosion, the donor star may have
exhausted its stellar envelope and become a WD, rendering
it difficult to detect in post-explosion companion searches
(Di Stefano et al. 2011). In fact, such super-Chandrasekhar
explosions would be preferentially overluminous, “1991T-
like” events (Fisher et al. 1999). This is thought to be the
case for SNR 0509-67.5, which Rest et al. (2008) showed
to be a 1991T-like event using its light echoes, a result at
which Badenes et al. (2008) also arrived independently, us-
ing the remnant dynamics and X-ray spectroscopy. Super-
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Chandrasekhar-mass explosions, however, can also result
from double-degenerate mergers, which lack the issues facing
spin-up/spin-down models, such as the scarcity of observed
rapidly-spinning WDs (Di Stefano et al. 2011; Maoz et al.
2014).
Thirdly, in the analysis presented here, we have consid-
ered only unobscured sources, where all the emitted radi-
ation contributes to the ionization of the surrounding gas.
The emission could, however, be obscured by a fast-moving
and optically-thick stellar wind, if the WD were accret-
ing at higher rates than the steady nuclear-burning regime
(Hachisu et al. 1996; Wolf et al. 2013). If the wind mass-
loss rate were high enough to obscure the central source,
however, the wind should excavate a large (& 10 pc) low-
density cavity around the progenitor, which should be eas-
ily distinguished from the undisturbed ISM. Such large cav-
ities are incompatible with the remnants’ dynamics for the
three young supernova remnants studied here (Badenes et al.
2007), and the densities (see Table 1) and evolution of the
remnants are consistent with expansion into a uniform and
undisturbed ISM (Maggi et al. 2016). In addition to a wind
from the accreting WD, a slow and dense wind from a gi-
ant companion star may obscure the ionizing radiation, if
the mass-loss rate is & 10−6 M yr−1 (Nielsen & Gilfanov
2015). However, such a scenario is disfavoured for SNe Ia
progenitors, given the strong constrains on circumstellar in-
teractions both from radio (Chomiuk et al. 2012, 2016) and
X-ray observations (Margutti et al. 2012, 2014), and the lack
of detected giant companions (Edwards et al. 2012; Schaefer
& Pagnotta 2012; Olling et al. 2015).
Therefore, we may conclude that none of the progeni-
tors of the Magellanic supernova remnants considered here
were super-soft X-ray sources for a significant fraction of the
last 100,000 years preceding their detonation. Future spec-
troscopic observations can extend these limits to all nearby,
recent SNe Ia and supernova remnants, or in the event of a
detection, provide the first measurement of the luminosity
and temperature of a SN Ia progenitor.
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